Seasonal differences in the water content of four Codringtonia species were investigated using specimens collected from the field. In addition, rate of water loss and expression of heat-shock protein 70 (Hsp70) were measured in a laboratory setting with six Codringtonia species subjected to a short-term heat shock. Using a phylogenetic framework, both the Hsp70 expression levels and the rate of water loss were investigated for their correlation with spatial and climatic variables. As indicated by the field-collected samples, during summer aestivation only C. helenae exhibited a tendency for water loss. During the short-term heat shock the rate of water loss in C. helenae was also significantly greater. No interspecific differences could be detected in the levels of Hsp70 in the species subjected to short-term heat shock. A single Codringtonia species seemed to maintain increased Hsp70 protein levels. In the species subjected to short-term heat shock, a positive relationship was found between Hsp70 levels and rate of water loss. On the other hand, the Hsp70 levels under normal conditions showed a negative correlation with altitude and mean summer precipitation of the sampling localities. Thus, species seem to adapt to harsher environmental conditions by maintaining higher levels of Hsp70.
INTRODUCTION
Land snails can inhabit a wide range of terrestrial habitats, mainly because they exhibit a variety of physiological, morphological and behavioural adaptations in order to deal with water loss and maintenance of ionic and thermal balance (Riddle, 1983) . Furthermore, comparative studies in land snails have revealed that species' distributions are restricted by physiological limits related to environmental conditions and factors such as resistance to heat and aridity (Arad, 1993; Arad, Goldenberg & Heller, 1995) .
Land snails ensure their survival, even under unfavourable dry environmental conditions, by entering into a state of dormancy, called aestivation (Cook, 2001) . One of the main challenges during aestivation is maintaining water content; thus, land snails form an epiphragm in order to reduce water loss (Machin, 1967; Barnhart, 1983; Cook, 2001) and exhibit behavioural adaptations such as burrowing into the ground (Kotsakiozi et al., 2012a) , hiding in shelters and rock crevices (Dolev, 1992) and climbing (Di Lellis et al., 2012) . Water balance in land snails, especially during aestivation, has been extensively studied and many researchers have concluded that land snails are able to maintain their water content at almost stable levels (Klein-Rollais & Daguzan, 1990; Pedler et al., 1996; Porcel, Bueno & Almendros, 1996; Nowakowska, Caputa & Rogalska, 2006; Kotsakiozi et al., 2012a) . On the other hand, there are cases (i.e. in Mediterranean species) where water loss during aestivation has been recorded (Arad et al., 1995; Giokas et al., 2007; Reuner, Bru¨mmer & Schill, 2008; Kotsakiozi et al., 2012a) . The loss of water at any given time of the annual cycle of a land snail can pose a serious threat for its survival. Therefore, it is expected that the stressful conditions faced by the snails will trigger a series of physiological responses in order to ensure survival.
Such physiological responses include the up-regulation of heat shock proteins (Hsps) . Hsps are present in nonstressed cells, and their synthesis and activity are stimulated by a variety of stressful environmental conditions, thus contributing to cell survival (Matz et al., 1996; Ko¨hler et al., 1998; Merino et al., 1998; Tammariello, Rinehart & Denlinger, 1999; Ait-Aissa et al., 2000) . In snails, numerous studies have focused on the effect of various factors on Hsp expression, including heat (Boon-Niermeijer et al., 1988) , life-cycle characteristics (Mizrahi et al., 2011) , resistance to desiccation (Mizrahi et al., 2010) , aestivation and water retention (Reuner et al., 2008) , adaptation to different habitats (Mizrahi et al., 2012) and tidal height (Tomanek & Somero, 2000) . Hsps are categorized in families based on their molecular mass. The Hsp70 family is considered the most prominent family of stress proteins in eukaryotes and is comprised of several isoforms. The Hsp70 family members act as molecular chaperones, assisting folding of newly produced proteins. Their increased expression as a result of stress (Sørensen, Kristensen & Loeschcke, 2003; Daugaard, Rohde & Jaattela, 2007) serves to prevent aggregation of unfolded proteins or contributes to the refolding of proteins that are already aggregated (Mayer & Bukau, 2005) .
So far the relationship of Hsp expression to water balance has been studied within a comparative framework, including, e.g. species of different genera (Benoit et al., 2010; Scheil, Ko¨hler & Triebskorn, 2011) or congeneric species that are adapted to environments that exhibit highly contrasting conditions of both temperature and humidity (e.g. a desert environment compared with a Mediterranean one) (Mizrahi et al., 2010 (Mizrahi et al., , 2012 . The purpose of such studies is to assess the adaptive significance of the expression of Hsps in the context of the ability of a species to maintain water. However, little is known regarding the variability in the expression levels of Hsps in congeneric species experiencing different humidity and thermal conditions resulting from small-scale differences in climatic conditions.
The rock-dwelling land snail genus Codringtonia is mainly distributed in Greece (for more details see Kotsakiozi et al., 2012b; Subai, 2005) , exhibiting a restricted and mosaic distribution in the Peloponnese peninsula and Central Greece (or Sterea Ellada). A resolved mtDNA phylogeny (Kotsakiozi et al., 2012b) revealed six clades (C. codringtonii, C. eucineta, C. elisabethae/gittenbergeri, C. helenae, C. intusplicata and C. parnassia) corresponding to seven nominal species and indicated that an eighth species probably belongs to a different genus (for morphological taxonomy see Subai, 2005) . Even though all Codringtonia species are recorded as vulnerable both in the Red Data Book of threatened animals of Greece (Legakis & Maragou, 2009) and in the IUCN database (http://www. iucnredlist.org), little is known about the ecology and physiology of the genus. The only information concerning the ecology and life history of Codringtonia originates from unpublished data in a PhD thesis (Hadjicharalambous, 1996) , which showed that Codringtonia species exhibit some life-cycle characteristics (such as spring reproduction) that are unusual for land snails of southern Europe (Cook, 2001) . Giokas et al. (2007) studied the physiological adaptations of a single Codringtonia species (C. helenae) and concluded that this species loses water during summer dormancy.
In the present study, we measured the seasonal changes in tissue water content in field-collected specimens of three different Codringtonia species. We also used the published data of Giokas et al. (2007) for C. helenae, in order to investigate whether the recorded water loss during aestivation is a generalized pattern common among other Codringtonia species. In addition, we assessed the rate of water loss exhibited by six Codringtonia species exposed to high temperature under laboratory conditions. The expression levels of Hsp70 in specimens exposed to extreme high temperatures were also measured. Hsp70 expression levels and rate of water loss were investigated for their correlation with spatial (latitude and altitude) and climatic variables. All correlation analyses were performed within a phylogenetic framework in order to discriminate between responses attributable to the phylogenetic hierarchy and those that are independent of the phylogenetic relationships of the species.
MATERIAL AND METHODS

Seasonal changes in water content measured in the field
In order to test whether the water loss during summer aestivation recorded in C. helenae (Giokas et al., 2007) is a common pattern in Codringtonia species, we applied the methodology used by these authors to three other Codringtonia species (C. eucineta, C. intusplicata and C. parnassia). The populations were chosen based on their distribution, so that they were sampled on a north to south axis covering the distributional range of the genus from Central Greece to the southern Peloponnese ( populations B2, E, F; Fig. 1 and Table 1 ). On a seasonal basis (October, January, April and July) we collected four to eight specimens per species and per month from the field, always on nonrainy days during the first week of each month. All three populations (C. eucineta, C. intusplicata and C. parnassia) were collected on the same day. Three tissues (foot, digestive gland and genitalia) were examined and the water content was measured by drying the tissues in an incubator and weighing to constant mass. Water content was expressed as percentage of the initial weight of the tissue.
Rate of water loss
Six Codringtonia populations from southern Greece (Peloponnese) were used for this part of the study. Each population belongs to a different clade according to the phylogeny of the genus by Kotsakiozi et al. (2012b) . Information regarding the sampling sites of the studied populations (A, B1, C, D, E and F) is provided in Table 1 and Figure 1 . Climatic data for the sampling sites were retrieved from WorldClim (http://www.worldclim.org/ (Hijmans et al., 2005) . The sampling took place during November so that individuals had been active for more than a month following their summer aestivation. Furthermore, in order to ensure that the previous state of the animals (i.e. the exact sampling date and the local climatic conditions of each sampling site) would not affect results, prior to the actual experiment the snails were maintained at 168C for 1 month and were given abundant food (lettuce provided ad libitum) and water.
We measured the rate of water loss in 30 fully hydrated active adult individuals (five specimens per species) after exposure to 508C for 15 min, by recording the changes in their weight per min, using a moisture analyser balance (Kern MLB50-3 + 0.001 g). Each snail was exposed separately and afterwards allowed a recovery time of 30 min (Mahroof et al., 2005) . Subsequently, the shell was removed, weighed and the weight subtracted from the initial specimen weight, in order to express water loss as a percentage of the initial body mass. Immediately after shell removal, the foot muscle was removed, frozen in liquid nitrogen and stored at -808C for subsequent Hsp70 assay. Similarly, a further group of five individuals were exposed under the same short-term heat-shock conditions and were maintained alive to examine the effect of the applied stress on survival.
Hsp70 expression levels
For the Hsp70 measurements we used the same snail populations (Table 1) that were used for the study of water loss. Specimens from each population were divided into two groups and were maintained at 168C as described above. The first group served as the control group and was used for the measurement of Hsp70 expression levels in specimens that were not exposed to heat shock or any other stress. The second was the exposed group, in which we measured the Hsp70 expression levels after exposure to short-term heat shock, 508C for 15 min as described above. The exposure temperature is representative of the maximum temperatures that are manifested within a rock crevice during WATER BALANCE AND HSP70 LEVELS IN CODRINGTONIA Figure 1 . Distribution map of Codringtonia species. Redrawn from Subai (2005) . The localities of the sampled populations are indicated with the letters A to F (see Table 1 for coordinates). Information about latitude, longitude, altitude and climatic variables for each sampling site is provided.
Abbreviations: Alt, altitude (m); MTY, mean temperature of year (8C); MTS, mean summer temperature (8C); MTW, mean winter temperature (8C); MWM, mean maximum temperature of warmest month (8C); MPY, mean precipitation of year (mm); MPS, mean summer precipitation (mm); MPW, mean winter precipitation (mm).
*C. eucineta from Mistras was used only in the seasonal changes of water content experiment.
summer in southern Greece. Field measurements in southern Peloponnese (Sagonas, Valakos & Pafilis, 2013) indicated that during some days in June between 11:30 and 15:00 the temperature in a rock crevice can fluctuate between 50 and 578C. According to the literature, the exposure time (15 min), even though short, is sufficient for Hsp expression (Bukau, 1993) . For this part of the study we used the foot muscle since this is the part of a snail's body that is directly exposed to the external environmental conditions and, as such, expression of Hsp is essential for survival under stressful environmental conditions (Mizrahi et al., 2010) . Actin served as the reference gene in the Hsp70 expression assay.
Sample processing for RNA analysis, reverse transcriptase-PCR For measurement of Hsp70 mRNA levels, three to five specimens from each of the six Codringtonia species were used, while the control group for each species consisted of three individuals. Total RNA was extracted from foot tissue using the Purelink kit (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. RNA concentration and quality were assessed using a nanodrop photometer (calculating the absorbance ratio 260/280 nm) and electrophoresis using a 1.2% (w/v) agarose gel. Reverse transcriptase PCR (RT-PCR) was conducted with cDNA derived from the tissue of the experimental groups (control and exposed). For cDNA synthesis, 250 ng total RNA was denatured in the presence of 5 pmol oligo-dT primers in a reaction volume of 13.5 ml at 658C for 5 min. Reverse transcription was performed with M-MLV reverse transcriptase, first strand buffer (Invitrogen), DTT (Invitrogen) and dNTPs (Invitrogen). The first strand reaction was incubated at 378C for 1 h. Termination of the reaction was achieved by inactivation of the reverse transcriptase at 658C for 5 min. The PCR reaction was performed in a 25-ml final volume mixture, containing 2 ml cDNA template, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 1.5 units of Taq DNA polymerase and 0.4 mM of the appropriate pair of primers. The primers used were: forward 5 0 -TTGATCTTGG AGGTGGAACC-3 0 and reverse 5 0 -AACCTCACGACGCAG TTTCT-3 0 for Hsp70 (Reuner et al., 2008) and forward 5 0 -CAG CTGTCTGCATCTCTTG-3 0 and reverse 5 0 -CCCATATACG AAGGCTACGC-3 0 for actin (Reuner et al., 2008) . In order to ensure that the primers used in this study were amplifying the targeted genes in Codringtonia species, we sequenced the first PCR product we obtained from one of the studied species and conducted a BLAST search in order to verify the homology of the amplified product. The Hsp70 sequence obtained is deposited in GenBank under the accession number KJ648623. Normalization was carried out using the respective levels of actin expression that served as reference gene.
Sample processing for protein analysis
The western blot analysis included four out of the six Codringtonia species. Foot tissue powders were homogenized with 5 ml/g of buffer [20 mmol HEPES, pH 7.5, 20 mmol glycerophosphate, 20 mmol NaF, 2 mmol EDTA, 0.2 mmol Na 3 VO 4 , 5 mmol DTT, 10 mmol benzamidine, 200 mmol leupeptin, 120 mmol pepstatin A, 10 mmol trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane, 300 mmol phenyl methyl sulphonyl fluoride and 0.5% (v/v) Triton X-100]. After extraction on ice for 15 min, samples were centrifuged (20,800 g, 5 min, 48C), and the supernatants were boiled with 0.33 volume of 4Â strength sodium dodecyl sulphate (SDS) sample buffer [0.33 M Tris-HCl ( pH 6.8), 10% (w/v)
Protein concentrations were determined using Bio-Rad Bradford protein assay in accordance with manufacturer's instructions and bovine serum albumin as a standard protein. Samples were stored at 2808C until use.
SDS-PAGE and immunoblot analysis
Samples containing equivalent amounts of total protein (40 mg) along with prestained molecular mass markers were separated by SDS-PAGE on 10% (w/v) acrylamide, 0.275% (w/v) bisacrylamide slab gels in a mini-protean III apparatus (Bio-Rad Laboratories, Hercules, CA, USA) and transferred electrophoretically onto nitrocellulose membranes (0.45 mm). Membranes were then incubated in TBS-T [20 mM Tris-HCl pH 7.5, 137 mM NaCl, 0.05% (v/v) Tween 20] containing 5% (w/v) nonfat milk powder for 30 min at room temperature. Subsequently, membranes were incubated overnight with the appropriate antibody, according to the manufacturer's instructions (1:1,000 dilution).
In particular, the mouse monoclonal antibody against bovine brain Hsp70 (Sigma H-5147) and mouse monoclonal antibody against actin (Sigma A-4700) (Mizrahi et al., 2010) were used. After washing in TBS-T (3 Â 10 min), blots were incubated with the appropriate horseradish peroxidase-linked anti-mouse IgG antibody (Dako Cytomation Denmark A/S, code No. P0447), at 1:5,000 dilution in TBS-T containing 1% (w/v) nonfat milk powder for 1 h at room temperature. After washing blots in TBS-T (3 Â 10 min), bands were detected using enhanced chemiluminescence on super RX film (Fuji photo film GmbH). Blot bands were quantified by laser scanning densitometry (Gel Analyzer v. 1.0). Equal protein loading was verified by probing identical samples with an anti-actin antibody. Normalization was carried out by dividing the densitometric value of each protein studied (corresponding to one band), with the respective levels of actin. The average of each condition under investigation corresponds to the average of the aforementioned calculated values taken over time (from at least three to four independent experiments).
Data analyses
A normality test (Shapiro test) was performed to confirm that the measurements obtained per species did not deviate significantly from the normal distribution and after that we proceeded to parametric tests. In particular, the measurements per species related to the seasonal changes in water content, were subjected to a parametric two-way ANOVA, with tissues and seasons as independent factors. Subsequently, we compared the four species (three from this study and one available from Giokas et al., 2007) , performing a parametric two-way ANOVA with species and seasons as independent factors. Both analyses were followed by a post-hoc Tukey test in all the cases in which statistical differences were observed. The results of the rate of water loss were subjected to one-way ANOVA, followed by post-hoc tests when those statistical differences were significant. Expression levels of Hsp70 were expressed as n-fold stimulation compared with levels in the control group. After the Shapiro test of normality, the measurements resulting from the RT-PCR were subjected to unpaired t-tests, in order to evaluate if the differences observed in the expression levels between the control group and the exposed group were statistically significant. Subsequently, we performed one-way ANOVA with the species set as the independent factor. On the other hand, the results of the Hsp70 mRNA levels in the control group and those from the western blotting were tested nonparametrically (Wilcoxon rank-sum test and Kruskal-Wallis) owing to the small number of samples.
Finally, we investigated whether a linear relationship could account for the rate of water loss (the percentage of the initial body mass lost per minute) and the Hsp70 exposed group's mRNA levels. In this analysis we plotted the measurements recorded for each individual and each variable, without pooling specimens per species. In order to ensure that any relationship recorded was not an artefact of dehydration resulting in a higher total protein concentration, we performed the same analysis with actin expression that served as the reference gene. In all cases a P value of ,0.05 was considered significant.
We also investigated the relation of the water loss and Hsp70 expression levels to spatial and climatic variables. In this part of the analyses, only the Hsp70 mRNA levels (and not the western blot analysis results) for which we have measurements for six species, were used. We tested for any linear relationships existing between the Hsp70 mRNA levels (exposed and control) and the rate of water loss (as percentage of the initial body mass) with the spatial and climatic variables provided in Table 1 . All the analyses regarding the investigation of the existence of any relationships between water loss and Hsp70 expression levels with spatial and climatic variables were repeated after taking into account the phylogenetic relationships of the studied populations. In this approach we used the method of phylogenetic independent contrasts (PIC) (Felsenstein, 1985) in order to minimize type I error (Garland, Bennett & Rezende, 2005) . For this part of the analyses we used the phylogenetic tree of Kotsakiozi et al. (2012b) , after pruning the branches not included in our study (Fig. 2) . The statistical analyses conducted in this part of the study were implemented within the R programming environment (R Development Core Team, 2011) . Tree handling and the PIC analyses were performed using the APE package (Paradis, Claude & Strimmer, 2004) .
RESULTS
Seasonal changes in water content
Codringtonia intusplicata (Fig. 3A ) seems to maintain a quite stable water content of its tissues for most of the year. However, the one-way ANOVA indicated a significant season effect for foot and digestive gland ( Table 2 ) that is attributed, as indicated by the Tukey test, to the lower level of water in summer compared only with winter for foot and with autumn and winter for digestive gland. Therefore, we can deduce that this species exhibits a tendency to maintain lower water content in the foot and digestive gland (but not genitalia) during summer compared mostly to winter as described above, but not to all the remaining seasons.
In C. eucineta (Fig. 3B ) the interaction between season and tissues was nonsignificant (Table 2) , which means that the effect of 'season' on the tissue water content was not different for the three tissues under study. A significant season effect is indicated by the one-way ANOVA only for the water content of the foot tissue (Table 2) , due to the higher water content in spring compared with winter. Thus, it appears that this species maintains quite stable water levels throughout the year.
For C. parnassia (Fig. 3C ) the interaction between season and tissue was nonsignificant ( Table 2) . The season effect for all three tissues studied was also nonsignificant, as indicated by the one-way ANOVA (Table 2) . Thus, the water content is stable throughout the year in all three tissues.
The interspecific comparisons in water content (Fig. 4 ) revealed that the four studied species differed (F 9,110 ¼ 6.244, P , 0.00001; F 9,108 ¼ 2.341, P ¼ 0.01879 and F 9,10 2 ¼ 13.85, P , 0.00001, for foot, digestive gland and genitalia, respectively) in their water content in all three tissues studied. However, as P values of ,0.05 considered as significant.
Abbreviations: n, number of individuals used; ns, P . 0.05; *, 0.01 , P , 0.05; **,0.001 , P , 0.01; ***, P , 0.001. indicated by the post-hoc Tukey test, these differences are due to the lower water content of C. helenae during spring ( particularly in genitalia) and summer (in all three tissues examined) compared with the other species.
Rate of water loss
Codringtonia species differ in the rate of water loss after exposure at high temperature as shown in Table 3 and Figure 5 . Due to the differences in body size of Codringtonia species, we transformed the quantity (grams) of water lost per minute to percentage of the initial body mass (the body mass was calculated without taking shell mass into account) lost per minute of exposure in order to take 'body size into consideration' (Fig. 5 ). Subsequently, one-way ANOVA revealed differences between species (F 5,24 ¼ 3.2872, P ¼ 0.02112) with C. helenae exhibiting the highest rate of water loss (Table 3) and being significantly different from all the remaining species ( post-hoc LSD Fisher test). On the other hand, the Tukey test revealed that these differences are due to the higher percentage of water loss in C. helenae compared with three other Codringtonia species (C. codringtonii, C. eucineta and C. parnassia). Finally, it should be mentioned that this short-term heat shock did not have a deleterious effect on the specimens' survival as indicated by the last group of animals, which were maintained alive for almost a year after this treatment under laboratory conditions.
Hsp70 expression levels
Mean Hsp70 mRNA levels increased in all Codringtonia species after exposure at extreme temperatures relative to the Hsp70 expression levels of the control group (Fig. 6A ), but as revealed by the t-test (Table 4) this increase was statistically significant in only four out of the six (graphs not shown), since in C. gittenbergeri it was nonsignificant and in C. helenae it was marginally nonsignificant. On the contrary, when the relative Hsp70 expression levels (n-fold stimulation relative to control) were compared between species, no statistically significant differences were found (F 5,18 ¼ 0.9118, P ¼ 0.4953). Regardless of the fact that species did not differ in Hsp70 expression levels, the highest increase in Hsp70 mRNA levels compared with the control group were recorded in C. intusplicata and C. helenae (on average 111.8 and 112.6% increase compared with the control group, respectively). Codringtonia gittenbergeri followed with a 71.8% increase compared with the control group, whereas in C. codringtonii and C. eucineta 68.5 and 60% increases were recorded, respectively. Finally, the lowest Hsp70 increase was observed in C. parnassia with a 51.17% increase compared with the control group. The actin RNA levels (graphs not shown) did not differ either between the control and the exposed group of a single species (Table 4 ) or between species (F 5,16 ¼ 0.0934, P ¼ 0.9921).
Western blotting (Fig. 6B ) revealed an increase in protein levels (n-fold stimulation relative to control) in two species, C. intusplicata and C. eucineta (37.03 and 73.43% on average in C. intusplicata and C. eucineta, respectively). However, the Wilcoxon rank-sum test (Table 5 ) revealed that the Hsp70 protein levels were not significantly different from the Hsp70 levels of the control group of each species. In addition, nonsignificant interspecific differences in the Hsp70 levels (n-fold stimulation relative to control) in the exposed group of animals were observed (Kruskal -Wallis:
Hsp70 mRNA levels in the control group (Fig. 6C ) did not differ between species (Kruskal -Wallis: H (5, N ¼ 17) ¼ 8.9412, P ¼ 0.111), whereas at the protein level (Fig. 6D ) the differences were marginally nonsignificant (Kruskal-Wallis: H (3, N ¼ 9) ¼ 6.97778, P ¼ 0.0726), with C. gittenbergeri exhibiting higher protein levels compared with the other three species.
There was a positive linear relationship between Hsp70 mRNA expression levels (expressed as n-fold stimulation relative to control) and water loss ( Fig. 7) expressed as percentage of the initial body mass. This cannot be considered as an artefact of increased total protein content of the desiccated specimens, because no linear relationship (R 2 ¼ 0.047, P ¼ 0.369) was found between the expression levels of actin and the percentage of water lost per minute. The linear relationship between Hsp70 expression levels (mRNA) and water loss, even though significant (R 2 ¼ 0.29, P ¼ 0.009) is not strong enough (Fig. 7) because of an outlier individual (specimen int3). Removing this individual from the analysis resulted in a stronger linear relationship (R 2 ¼ 0.5745, P , 0.0001). We repeated this analysis, taking into account the phylogenetic relationships of the species under study (Fig. 2) . The linear relationship between Hsp70 mRNA levels and water loss (Table 6 ) remained statistically significant and robust (r s ¼ 0.8787, P ¼ 0.021).
There was a negative linear relationship between Hsp70 mRNA levels as expressed in the control group and latitude (Fig. 8A, B) as well as the mean value of precipitation during the summer (Fig. 8C, D) (R 2 ¼ 0.881 P ¼ 0.018 and R 2 ¼ 0.771, P ¼ 0.0508 for latitude and precipitation, respectively). In addition, a negative linear relationship was recorded between the levels of Hsp70 and the altitude (Fig. 8E, F) of the sampling sites (R 2 ¼ 0.705, P ¼ 0.036), which became more evident when the analysis was restricted to the species distributed in Peloponnese (R 2 ¼ 0.825, P ¼ 0.0328). All the analyses described above were repeated by taking into account the phylogenetic hierarchy of the studied species (Table 6 ). The results Table 3 . Descriptive statistics of the rate of water loss expressed as percentage of the initial body mass lost per minute of exposure under short-term heat-shock conditions for six Codringtonia species.
Species
Water loss (% initial body mass/min) revealed that the linear relationships between Hsp70 mRNA levels as expressed in the control group and summer precipitation (r s ¼ 20.8303, P ¼ 0.0405) as well as the altitude of the sampling sites (r s ¼ 21, P , 0.0001) were still evident, statistically significant and robust (Table 6 ). On the other hand, the linear relationship between the Hsp70 levels (as expressed in the control group) and latitude (r s ¼ -0.6606, P ¼ 0.153) became nonsignificant (Table 6 ).
DISCUSSION
Water content analyses
Two out of the four Codringtonia species used in this study, C. eucineta and C. parnassia, maintain the water content in all of their tissues throughout the year, in contrast to C. helenae that loses water during summer aestivation (Giokas et al., 2007) . Codringtonia intusplicata has an intermediate response, showing slightly lower water content in the summer compared with the winter (for foot and digestive gland). Water loss during aestivation has been recorded in several land snail species such as Cantareus apertus (Reuner et al., 2008) , Helix figulina (Kotsakiozi et al., 2012a) , Cristataria genezarethana and Rupestrella rhodia (Arad et al., 1995) .
On the other hand, some other species such as Albinaria caerulea (Giokas, Pafilis & Valakos, 2005) , Helix pomatia (Nowakowska et al., 2006) and Cantareus aspersus (Klein-Rollais & Daguzan, 1990; Pedler et al., 1996; Kotsakiozi et al., 2012a) maintain water content throughout the year. Giokas et al. (2007) explained the water loss observed in C. helenae as an ancestral trait. However, the mtDNA phylogeny of the genus (Kotsakiozi et al., 2012b) Figure 6 . Hsp70 levels in exposed and control groups of Codringtonia species, analysed with RT-PCR and western blot. A. Hsp70 mRNA levels in exposed group expressed as n-fold stimulation relative to the control group. B. Hsp70 protein levels in exposed group expressed as n-fold stimulation relative to the control group. C. Hsp70 mRNA levels in control group expressed in arbitrary units. D. Hsp70 protein levels in control group expressed in arbitrary units. In all cases mean and standard error are shown. The dashed line in A and B represents the average of the Hsp70 levels of the control group. Abbreviations: cod, C. codringtonii; euc, C. eucineta; par, C. parnassia; git, C. gittenbergeri; hel, C. helenae; int, C. intusplicata. Table 4 . Results of t-test conducted for Hsp70 and actin-a mRNA levels as analysed by reverse transcriptase PCR between the control group and the group of Codringtonia snails exposed to short-term heat-shock. shows that C. helenae is one of the most recently differentiated Codringtonia species (1-1.2 Myr). Given that the Mediterranean climate was established in this area during the last 1-2 Myr (Blondel & Aronson, 1999) , it is difficult to explain why C. helenae seems to be maladapted to summer conditions of southern Greece, whereas the other three Codringtonia species included in this study that are older than C. helenae do not face water problems during summer. On the other hand, the recent speciation of C. helenae does not necessarily mean that it has optimal adaptations for arid climate. Given that the Mediterranean climate is not uniform throughout Greece and that C. helenae usually occupies vegetated habitats at high altitudes, which are thus not typical arid habitats, it could be that it is accustomed to more humid conditions. The water loss of C. helenae during summer (as measured in field conditions) could be attributable to the behavioural ecology of the species, as it is known that the survival of land snails is related to the range of behavioural, physiological, morphological and biochemical adaptations that they can exhibit for dealing with the problems of water retention and ionic balance. It makes sense that a species with a limited repertoire of physiological and behavioural adaptations (i.e. site selection, epiphragm thickness, etc.) has fewer possibilities for survival in a stressful environment.
Since neither demographic (i.e. survival and death rates) nor behavioural data for this species are available, we cannot definitively state that it has a restricted repertoire of adaptations compared with the other Codringtonia species. However, if the limited repertoire of behavioural and/or physiological adaptations can account for the water loss during aestivation in the field, it does not explain the higher rate of water loss that C. helenae exhibits compared with the other Codringtonia species during the shortterm heat-shock treatment. Nevertheless, this finding is in agreement with previous field studies (Giokas et al., 2007) . Therefore, it is likely that inherent physiological properties of C. helenae, other than behaviour, account for the shortcoming of the species. It could be that the biochemical composition of C. helenae explains the failure of the species to minimize its water loss under extreme conditions, but this cannot be further explored based on the available data.
Hsp70 expression levels and relation with latitude and climatic variables
Dehydration promoted a significant increase of Hsp70 mRNA levels in four out of the six Codringtonia species. This was anticipated, as it is known that Hsp70 expression is increased under many stressful conditions including heat and desiccation (in this study desiccation was a result of heating) to ensure cellular survival (Benoit et al., 2010) . Elevated levels of Hsp70 as a response to dehydration have been reported in several organisms including land snails (Mizrahi et al., 2012) , mosquitoes (Benoit et al., 2010) , the flesh fly Sarcophaga crassipalpis (Tammariello et al., 1999; Hayward, Rinehart & Denlinger, 2004) , the bed bug Cimex lectularius and the Antarctic midge Belgica antarctica . However, there are also studies that have not reported a direct relationship between dehydration and elevated Hsp70 levels (Sinclair, Gibbs & Roberts, 2007) . Moreover, we found a positive linear relationship between the n-fold stimulation of Hsp70 mRNA levels relative to the control group and the percentage of water lost per minute in all studied species (Fig. 7) , indicating that the harsher the dehydration stress the more Hsp70 mRNA was synthesized. This positive linear relationship became more evident and robust (Table 6 ) when phylogenetic relationships between species (Fig. 2) were taken into account by the PIC method (Felsenstein, 1985) . This indicates that the pattern is not just attributable to the fact that we are studying different species (exhibiting different Hsp70 expression levels), but rather to a direct relationship between the effects of heat shock (i.e. desiccation) and Hsp70 synthesis. Furthermore, we should also point out that the increase in Hsp70 synthesis can be attributed, apart from desiccation, to the heat-shock-induced increase in the amount of degraded proteins inside the cells, since heat shock has been reported to up-regulate Hsp70 levels in aquatic organisms that do not experience desiccation (Tomanek & Somero, 2000; Gourgou et al., 2009) .
Hsps play an important role in an organism's resistance to desiccation, because it has been found that insects in which the gene encoding Hsp70 had been inactivated were less resistant to desiccation compared with others that could synthesize Hsp70 normally (Benoit et al., 2010) . In addition it has been found that Hsp70 plays a role in resistance to both heat and cold (Kosˇta´l & Tollarova´-Borovanska´, 2009 ). Despite their importance in species fitness, we could not find interspecific differences in levels Figure 7 . Relationship between Hsp70 mRNA levels in Codringtonia species and water loss expressed as percentage of the initial body mass. For this analysis each individual measurement for both parameters were used. Abbreviations: co, C. codringtonii; eu, C. eucineta; par, C. parnassia; git, C. gittenbergeri; hel, C. helenae; int, C. intusplicata. Table 6 . Spearman's correlation coefficient (r s ) for the rate of water loss (expressed as percentage of the initial body mass) and the Hsp70 mRNA levels with spatial and climatic variables after the application of the phylogenetic independent contrast method. All six Codringtonia species were included in this analysis. Cases in which P , 0.05 are indicated by bold characters and considered as significant. For temperature and precipitation, mean values of the last 50 years were used.
Abbreviations: Hsp70 exp, Hsp70 mRNA levels expressed in group exposed to desiccating conditions; Hsp70 control, Hsp70 mRNA levels expressed in control group.
of Hsp70 (in either mRNA or protein level). This can possibly be attributed to the fact that the species under investigation are too close, both phylogenetically and in their distributional ranges. Additionally, we should mention that since we did not distinguish the constitutive from the inducible form of Hsp70, we cannot reject the possibility that changes in the inducible form were hidden by comparatively higher levels of the constitutive form. Considering the total Hsp70 levels, another explanation for this finding is related to the fact that Hsp70 levels are directly affected by the degree of dehydration ( Fig. 7) and there were not statistically significant differences between species in the rates of water loss (Fig. 5) , with the exception of C. helenae. At this point, we have to note that even though C. helenae loses water at a higher rate compared with other Codringtonia species, it does not seem to elevate the Hsp70 levels accordingly. Furthermore, it does not seem to elevate either the protein or the mRNA levels (marginally nonsignificantly different) compared with the control group; this was not expected, given the degree of dehydration compared with other Codringtonia species. Two possible hypotheses could account for this finding. The first one is that the heat exposure and/or the recovery time duration were not long enough, for this species, to elevate the Hsp70 expression levels. Some organisms begin to elevate the Hsp levels during the recovery time and not during the 'shock' that provoked this increase. For example the marine snail Tegula brunnea began to exhibit elevated levels of Hsp70 2 -14 h after it was exposed to sublethal temperature (Tomanek & Somero, 2000) . The second hypothesis is based on the ideas of a recent review by Morris, Thatje & Hauton (2013) , who remarked that "When an acute stressor is nearing lethal severity, cellular mechanisms are primarily concerned with the avoidance of stress-induced cell death. At this point, the cost of mounting a Heat Shock Response outweighs the benefits, and all available energy is directed towards cell survival." The authors concluded that if the population (the sample) under study is subjected to a nearlethal exposure to the stressor, it is not possible to record an Hsp70 up-regulation even though cells have undergone severe stress. We assume that this could be the case for C. helenae. However, these hypotheses cannot be further explored with the available data. The other species that did not display elevated expression of Hsp70s (either at mRNA or protein level) after being exposed to Figure 8 . Relationships between Hsp70 mRNA levels of Codringtonia species as expressed in the control group and abiotic conditions at the sampling sites. A. Hsp70 levels and latitude with all species included. B. Hsp70 levels and latitude without C. intusplicata. C. Hsp70 levels and summer precipitation with all species included. D. Hsp70 levels and summer precipitation without C. intusplicata. E. Hsp70 levels and altitude with all species included. F. Hsp70 levels and altitude for the Peloponnesian species. For this analysis mean measurements for all parameters were used. The values of the R 2 and P values are given in each graph. Abbreviations: cod, C. codringtonii; euc, C. eucineta; par, C. parnassia; git, C. gittenbergeri; hel, C. helenae; int, C. intusplicata.
desiccating conditions was C. gittenbergeri. The above-mentioned hypotheses could apply to this species as well, but in this case we have a slight indication (marginally nonsignificant) that Hsp70 levels (especially at protein level) in the control group were higher compared with the other Codringtonia species (Fig. 6 ). This result could be attributed to an existing reservoir of Hsp70 sufficient to overcome the effect of heat shock for this particular species.
Finally, it should be noted that here we investigated only the expression levels of Hsp70, as this is one of the most common Hsps used to study the responses of dehydration and has been used for more than two decades as a stress indicator (Benoit et al., 2010; Morris et al., 2013) . However, there could be additional Hsps (i.e. Hsp90, small Hsps, etc.) that snails use to survive during stressful conditions; both C. gittenbergeri and C. helenae could have activated such Hsps in order to overcome the heat/desiccation stress.
It has also been well documented that species express Hsp70 under normal conditions. Furthermore, Hsp70 synthesis under normal conditions is affected by both seasonal and daily fluctuations in temperature (Dieterich et al., 2013) . In this study we tried to diminish any effect of season and daytime by collecting all the specimens during the same month and by keeping them in the exact same controlled laboratory conditions before the experiments, so any differences in the Hsp70 levels could be attributed to other factors. We measured the Hsp70 levels in the control group of each species and no interspecific differences were found. Moreover, C. gittenbergeri, which is distributed towards the south of the distributional area of the genus, exhibits higher Hsp70 levels compared with the other species, which is a slight indication (difference marginally nonsignificant) that this species maintains consistently higher levels of Hsp70 sufficient to overcome heat shock and dehydration. In order to investigate further if the region of origin is related to the Hsp70 levels under normal conditions, we searched for any spatial patterns between Hsp70 and spatial variables in all Codringtonia species. From our analyses a trend was revealed, according to which those populations found to the south or at lower altitudes (or in areas with less summer precipitation) exhibited higher Hsp70 levels under normal conditions (Fig. 8 ) compared with populations in the north or at higher altitudes (or in less arid areas). Moreover, it is important that this trend is still evident when phylogenetic relationships are taken into account; indeed the above described relationships for altitude and summer precipitation then become more evident and robust (Table 6 ). This is an indication that the pattern recorded in Hsp70 levels is not phylogenetically determined but that other factors (i.e. abiotic factors) play a role in shaping it. However, when phylogeny is taken into account the negative relationship between Hsp70 levels and latitude becomes nonsignificant (Table 6) , because of the specific geographical distributional pattern of Codringtonia species. Species that are phylogenetically more distant are also geographically more distant (see Fig. 1 ), so that when phylogenetic relationships are taken into account the relationship between latitude and Hsp70 expression levels is weakened.
Several studies have concluded that Hsp expression differs between species that inhabit different environments. Species that occupy extreme environments maintain relatively higher levels of Hsps even under 'normal' conditions, in order to be constantly prepared for the onset of hyperthermic conditions without the need for drastic changes in their gene expression (Engenev, 2007) . For example, species in warmer regions are generally more thermotolerant and start to increase Hsps levels at higher temperatures than species inhabiting cooler regions (Tomanek & Somero, 2002; Engenev, 2007) . On the other hand, other interspecific studies have found higher endogenous Hsp70 levels in heatsensitive species (Tomanek & Somero, 2000; Mizrahi et al., 2010) .
In summary, this study revealed that the water loss during summer aestivation, as observed in C. helenae, is not a pattern shared by other Codringtonia species. During the short-term heat-shock treatment, the rate of water loss in C. helenae was significantly higher than that of other Codringtonia species, indicating that C. helenae is inherently different in its water balance from the remaining Codringtonia species studied. Even though, in four out of the six studied species, the heat-exposed group of individuals exhibited an increase in the levels of Hsp70 (mRNA) compared with the nonexposed ones, no interspecific differences were found in the levels of Hsp70 (mRNA and protein) in the exposed groups. Regarding the Hsp70 levels under normal conditions, there is some indication that a single species (C. gittenbergeri) has increased protein levels. Furthermore, a positive relationship exists between Hsp70 mRNA levels (n-fold stimulation relative to control group) and the rate of water loss. This relationship is more pronounced when the phylogenetic relationships of the species are considered. On the other hand, Hsp70 levels (mRNA) under normal conditions are negatively correlated with altitude and mean summer precipitation of the sampling localities, whether phylogeny is considered or not. Thus, species seem to adapt to harsher environmental conditions by maintaining higher levels of Hsp70.
